Abstract Studies with perturbed and augmented haptic information during adaptation to novel visuo-motor transformations suggest that haptic information might be neglected. However, the notion of functional haptic neglect during adaptation is counterintuitive for different reasons. Therefore, we sought conditions where haptic guidance during adaptation results in benefits. First, we mixed guided and unguided trials during practice with a visuo-motor rotation. In two experiments, we found no indication of an advantage of the guidance groups over the no-guidance control groups. In the third experiment, the visuo-motor transformation was a pure time delay because motor timing has been hypothesized to profit from haptic guidance. Again, there was no evidence of benefits for the guidance group. Thus, the findings of this series of experiments provide further evidence of the claim that haptic information is neglected during adaptation to a visuo-motor transformation.
Introduction
The skill of tool use relies on the ability to adapt to various novel relations between ones own movements and their visual consequences such as the motion of a cursor on a computer monitor. Since the seminal study of Cunningham (1989) , visuo-motor rotations have become a well-established paradigm for the study of such adaptation (e.g., Bock 2001a, b, 2003; Imamizu and Shimojo 1995; Krakauer et al. 2000; Pennel et al. 2002) . In addition, adaptation to novel visuo-motor gains has received a good deal of attention (e.g., Bock 1992; Bock and Burghoff 1997; Krakauer et al. 2000) , whereas adaptation to visuo-motor time delays has hardly been studied (e.g., Kalveram 1983; Foulkes and Miall 2000) . Here, we report three experiments that provide further evidence of the functional neglect of haptic information in adaptation to both visuo-motor rotations and delays.
Adaptation to visuo-motor transformations requires the learning of novel relations between efferent commands and haptic/proprioceptive information as the input and visual information as the output. There is suggestive evidence that of the two types of input signals, only the efferent commands are functionally involved, whereas haptic information is neglected. For example, adaptation to a visuo-motor rotation does not suffer from a degradation of proprioception by means of concurrent agonist and antagonist vibration (Bock and Thomas 2011; Pipereit et al. 2006 ). Supplementary to these findings is the observation that adaptation to a visuo-motor rotation does not profit from haptic guidance during practice, but suffers from the associated degradation of efferent commands instead (Heuer and Rapp 2011; Van Asseldonk et al. 2009 ).
As noted by Müsseler and Sutter (2009) , the neglect of haptic information when dealing with visuo-motor transformations might actually be useful to avoid conflicting information of different sensory modalities. Indeed, Lajoie et al. (1992) showed superior performance of a deafferented patient in mirror drawing as compared with a healthy control group, and Balslev et al. (2004) showed superior performance in mirror drawing after rTMS over the contralateral somatosensory cortex. Bernier et al. (2009) suggested a cortical suppression of somatosensory inflow during visuo-motor adaptation based on an analysis of evoked potentials triggered by stimulation of the median nerve. Functional neglect of haptic information during visuo-motor adaptation is also consistent with the notion of a critical role of error-based learning of novel relations between motor outflow and associated visual information (cf. Shadmehr et al. 2010) .
On the other hand, the notion of functional haptic neglect during visuo-motor adaptation is hard to reconcile with a general principle of sensory information processing and the very fact that movements can be imitated. The general principle of sensory information processing is the use of multiple sources, perhaps all sources that are available. This principle is nicely captured by Brunswik's (1952) lens model. Evidence for it can be found both in classic studies such as the one of Holway and Boring (1941) on size constancy, but also in more modern studies which emphasize the weighting of different sources by indicators of their validity (cf. Cheng et al. 2007; Ernst and Banks 2002; Helbig and Ernst 2007) . The integration of different feedback modalities, proprioceptive and visual, has also been shown for learning a bimanual coordination pattern (Ronsse et al. 2009 ). Even when different sources of information refer to different objects, as is the case with the visuo-motor transformations encountered in tool use, there seems to be no general neglect of the one or the other source (cf. Bedford 1995) .
The ability of humans to imitate movements is an unquestionable fact and has received attention for a long time (e.g., Bandura and Jeffery 1973) , with a heightened interest in the recent years (cf. Rizzolatti and Craighero 2004) . Even though in most cases the movements to be imitated are demonstrated visually, there is no doubt that haptically demonstrated movements can be reproduced with a fair accuracy. For example, Jones (1972) reported the same accuracy of the immediate reproduction of movement amplitudes of passively demonstrated movements as of actively produced movements that were mechanically stopped at an unpredictable position.
The intuitive lack of plausibility of the notion of functional haptic neglect during visuo-motor adaptation becomes particularly apparent when one considers what actually has to be learned, for example, when confronted with a visuo-motor rotation. A visual target is presented in a certain direction relative to a visually presented start location. What has to be learned is to produce a movement in a direction that deviates from the direction of the visual target by a certain angle. It should be no problem to reproduce the correct hand movement when it has been haptically demonstrated. In fact, this appears rather trivial-nevertheless, haptic guidance during practice impedes adaptation instead of facilitating it (Heuer and Rapp 2011; Van Asseldonk et al. 2009 ).
From the above considerations, there are good reasons to challenge the notion of functional haptic neglect during adaptation to visuo-motor transformations. In the present series of experiments, we explored two different measures to make the use of haptic information more likely. First, in adaptation to a visuo-motor rotation, guided trials with haptic information on the correct movement were mixed with unguided trials. Second, we tested the effects of guidance in adaptation to a pure visuo-motor delay because there are some indications that motor timing might be particularly susceptible to benefits of haptic guidance.
Experiments 1 and 2
In the first two experiments, we studied adaptation to a visuo-motor rotation after practice with mixed guided and unguided trials. With such a practice regime, haptically presented information can be put to use for the active production of movements with only short time delays. In other motor-learning tasks, mixtures of guided and unguided trials have in fact been shown to be beneficial for learning (Winstein et al. 1994) .
The two experiments differed in two ways. First, in Experiment 1, a convergent force field was used that guided the hand correctly to its target, but in Experiment 2, the force field was a divergent one that pushed the hand away from the correct path (except for a narrow region around it). Both force fields provide information on the correct path, but the first one allows passive movements and reduces adaptation when used throughout practice, whereas the second one requires active error correction and does not result in poorer adaptation (Heuer and Rapp 2011; Van Asseldonk et al. 2009 ). Second, in Experiment 1, target directions varied randomly across trials, and so did the presence or absence of guidance. In Experiment 2, in contrast, guided and unguided trials alternated, and in successive guided and unguided trials, the same target was presented so that each guided movement could be actively reproduced immediately.
Adaptation to a visuo-motor transformation embraces different components (Saijo and Gomi 2010) , and these could be differently sensitive for the effects of haptic guidance. Particularly prominent is the distinction between implicit and explicit adjustments Mazzoni and Krakauer 2006; Sülzenbrück and Heuer 2009; Taylor and Ivry 2011; Taylor et al. 2010) . These different components have been shown to have different characteristics (Bock 2005; Hegele and Heuer 2010; Heuer and Hegele 2008 , Krakauer et al. 2000 . In the present experiments, we used different test procedures to discover potentially different effects of haptic guidance on both implicit and explicit adjustments.
We assessed implicit and explicit components of adaptation in terms of after-effects and explicit shifts, and their combination in terms of adaptive shifts. Adaptive shifts as well as after-affects are defined as mean changes of the directions of hand movements in visual open-loop pointing to a target after practice with the visuo-motor rotation (post-test) as compared to open-loop pointing before practice (pre-test). In the post-test, for the assessment of after-effects, the absence of the visuo-motor rotation is cued, but its presence is cued in the post-test for the assessment of adaptive shifts. Only with the cued presence of the rotation, explicit knowledge should be applied. Therefore, after-effects should reflect only implicit knowledge, but adaptive shifts both implicit and explicit knowledge. Explicit shifts are defined as changes of mean judgements of the required directions of the hand movements to reach a visually presented target after practice with the visuo-motor rotation (post-test) as compared to judgements given before practice (pre-test). Judgements were given by matching the orientation of a visually presented line to the movement direction deemed appropriate to reach the target presented; in these tests, participants performed no hand movements at all.
Method

Participants
Two groups of right-handed participants took part in Experiment 1. In the guidance group, there were 3 male and 16 female participants, aged 17-29 years (mean: 22.0 years, SD: 3.3 years), and in the no-guidance group, there were 7 male and 14 female participants, aged 18-34 years (mean: 24.2 years, SD: 4.1 years). In Experiment 2, there were again two groups of right-handed participants. In the guidance group, there were 2 male and 8 female participants, aged 21-30 years (mean: 23.0 years, SD: 2.8 years), and in the no-guidance group, there were 6 male and 6 female participants, aged 19-28 years (mean: 23.2 years, SD: 3.0 years). All participants had given written informed consent prior to the start of the experiment that was done in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki.
Apparatus
The apparatus was the same as used by Heuer and Rapp (2011) . Participants faced a 22-inch CRT monitor (Iiyama Vision Master Pro 513) in about 60 cm distance from their eyes. With their right hand they grasped a vertical handle of 9.5 cm length that was placed in the centre of a circular slide of 10 cm diameter. The slide could be moved on the table top with only little friction. The vertical handle was the customized peripheral segment of a Phantom Premium 3.0 (SensAble Technologies). The horizontal position of the handle was recorded at 100 samples/s. A black curtain to the right of the monitor and the participant's shoulder prevented direct view of the hand and the robot arm.
Task
Participants performed aimed movements as swiftly and accurately as possible from a central start location to eight different targets in the directions of 0°(to the right), 45°, 90°(forward), 135°, 180°, 225°, 270°, and 315°; target amplitude was 10 cm. Movements were performed with or without a clockwise visuo-motor rotation of -75°. Without the rotation, hand movements to the right went along with a rightward motion of a cursor on the monitor. With the rotation, the cursor moved almost downward (-75°) when the hand moved to the right. Absence and presence of the visuo-motor rotation were cued by the green or red color, respectively, of the octagon that marked the start location on the monitor. The cursor was visible in visual closedloop practice trials, but invisible in visual open-loop test trials.
The two experimental groups in both experiments differed with respect to practice conditions. For all participants, there was continuous visual feedback during practice trials, and the cursor had to reach the visual target before the trial was ended. For the guidance group of Experiment 1, trajectory guidance was switched on in one-third of the practice trials. The potential for trajectory guidance was defined as In Experiment 2, a resistive path guidance as used by Heuer and Rapp (2011) was switched on during each first trial of a pair of successive trials in which the same target was presented. The potential of the resistive path guidance was given by (with the correct path assumed to be along the x axis) Pðx; yÞ ¼ ÀAðy þ wÞ n for y\ À w 0 for À d\y\d ÀAðy À wÞ n for y [ w
< :
with A = .75, n = 1.75, and w = 5 mm. The parameter w defines the width of a region around the correct path within which there is no force which drives the hand away from it. Maximum force was set to 6 N in both experiments.
Design and procedure
Experiment 1 consisted of seven phases, baseline practice (without visuo-motor rotation), measurement of target trajectories, pre-tests, first practice period (with visuomotor rotation), intermediate test, second practice period (with visuo-motor rotation), and post-tests (Table 1) . In Experiment 2, there was no measurement of target trajectories. The various test phases served to assess adaptive shifts (both in the intermediate test after 2 blocks of practice and in the post-tests after the end of practice), after-effects, and explicit shifts. The intermediate test was inserted after a brief first practice period to assess eventual group differences in the rate of adaptation, which may no longer be present at (almost) asymptotic adaptation. In all tests, blocks of 8 trials were preceded by short maintenance blocks to prevent decay of adaptation. In all trials, the presence or absence of the visuo-motor rotation was cued by the red or green color, respectively, of the start octagon.
In Experiment 1, the second block of trials was identical to baseline practice, but served to compute the target trajectories for the eight different target directions. The recorded trajectories were low-pass filtered and differentiated. Start and end of each movement were defined as those points in time where velocity exceeded 15 mm/s the first and the last time, respectively. The trajectories were normalized to mean movement time and averaged. Two of the six recorded trajectories for each target were neglected, the one with the largest deviation from the mean velocity-time curve first, and the one with the largest deviation from the mean position-time curve second.
At the start of each movement trial, participants were guided to the start location by way of arrows at the edges of the monitor. The start location was marked by a gray outline octagon of 9 mm diameter. The cursor was a gray filled octagon of 7 mm. It became visible when its centre was less than 15 mm away from the start location to assist in reaching it accurately. When its centre was less than 2.5 mm away from the start location, the color of both the start octagon and the cursor turned green or red, cueing the absence or presence of the visuo-motor rotation in the forthcoming trial. After a random period between 0.5 and 1.3 s, the target was presented, which was a blue octagon of 7 mm diameter. At the same time, the start octagon disappeared. In visual open-loop trials, the cursor disappeared as well, and in visual closed-loop trials, it turned blue. Movement trials ended when the distance between positions of the hand in successive samples had been less than 0.25 mm for 400 ms. In addition, the distance of the cursor from the start location had to exceed 15 mm, and in visual closed-loop trials, the distance of the cursor from the target had to be less than 2.5 mm.
In explicit-judgement trials, no hand movements were required. In each trial, a target was presented together with the filled start octagon and a line of 100 mm length and 5 pixels width, which could be rotated around the start position. The initial orientation of the line was set randomly. Participants instructed the experimenter to rotate the line clockwise or counter-clockwise until its orientation corresponded to the direction of hand movement the participant deemed appropriate for the cursor to reach the target.
Data analysis
The position-time curves of the hand movements were lowpass filtered (fourth-order Butterworth, 10 Hz, dual pass) and differentiated (two-point central-difference algorithm). Start and end of each movement were defined based on the tangential-velocity signal. Beginning at peak velocity, the start of the movement was that time at which velocity became smaller than 5 mm/s in a backward scan and remained so for 250 ms; similarly, the end of the movement was that time at which velocity, in a forward scan, became smaller than 5 mm/s and remained so for 250 ms. For each movement, its direction, amplitude, movement time, and path length were computed. Direction and amplitude were defined as direction and length of the vector from the initial to the final position of the movement, and path length was the sum of distances between successive samples. Movements with movement times below 200 ms or above 5,000 ms were excluded from further analyses and so were movements with amplitudes less than 20 mm and path lengths longer than five times the amplitude. In Experiment 1, the total percentage of discarded trials was 1.9% in the no-guidance group (0.4-8.5% in individual participants) and 1.6% (0-4.7%) in the guidance group. In Experiment 2, the total percentage of discarded trials was 0.8% in the no-guidance group (0-2.8% for individual participants) and 2.2% (0.8-4.8%) in the guidance group.
Our analysis was focused on adaptive shifts after a short practice period (intermediate test) and on adaptive shifts, after-effects, and explicit shifts after the end of practice. For each test, direction errors were averaged across trials to the same target, and subsequently, the means for the various targets were averaged. For the direction errors of the intermediate tests and the post-tests, differences to the pretest errors were computed. For the post-test with cued absence of the visuo-motor rotation, these differences represent after-effects. For the intermediate test and the post-test with cued presence of the visuo-motor rotation, the rotation was taken into account to determine the adaptive shifts. Adaptive shifts are zero when there is no adjustment at all, and they equal the visuo-motor rotation when adjustment is perfect. For the explicit tests, explicit shifts were computed analogous to adaptive shifts.
Results
We report the results for the two experiments in sequence. For each experiment, these are the mean adaptive shifts in the intermediate test and the post-test and the mean aftereffects and explicit shifts in the post-test.
Experiment 1
In the pre-test, both groups exhibited clockwise directional biases, -5.2°± 0.99°and -4.5°± 0.91°in the guidance and no-guidance group, respectively. The difference between groups was not significant, t(38) = 0.49, p [ .20. Clockwise biases are typical for start locations in the right workspace (Ghilardi et al. 1995) .
Mean adaptive shifts, which were assessed after two blocks of practice (intermediate test) and after nine blocks of practice (post-test), mean after-effects, and mean explicit shifts are shown in Fig. 1 . As is evident from Fig. 1a, b , adaptive shifts were stronger at the end of practice than in the intermediate test but were clearly less than the 75°required for a full compensation of the visuomotor rotation. Figure 1c , d shows after-effects and explicit shifts of about half the size of the adaptive shifts. Notably, in none of the measures did the guidance group reveal a better adaptation than the no-guidance group, but in each dependent variable, it was slightly poorer.
Adaptive shifts were subjected to a two-way ANOVA with the between-participant factor practice group and the within-participant factor test (intermediate test, post-test) . Only the increase from the intermediate test to the post-test was significant, F(1,38) = 12.1, p \ .01. Neither the main effect of practice group, F(1,38) = 1.4, p [ .20, nor the group x test interaction, F \ 1, approached statistical significance. After-effects and explicit shifts were compared between the two groups by means of t tests. The two practice groups were not significantly different in their after-effects, t(38) = 0.86, p [ .20, nor in their explicit shifts, t(38) = 0.35, p [ .20.
Experiment 2
In the pre-test, both groups revealed a consistent clockwise bias of -5.1°± 0.92°and -5.4°± 0.58°in the no-guidance and guidance group, respectively. The difference between groups was not significant, t(20) = 0.32, p [ .20.
The mean adaptive shifts, after-effects, and explicit shifts are shown in Fig. 2 . At the end of practice, adaptive shifts were somewhat stronger than after two blocks of practice, but there was no indication of stronger adaptive shifts in the guidance group than in the no-guidance group. Similarly, there was no advantage of the guidance group for after-effects and explicit shifts; for explicit shifts, there even tended to be a disadvantage.
Adaptive shifts were subjected to a two-way ANOVA with the between-participant factor group and the withinparticipant factor test (intermediate test, post-test). The main effect of test was significant, F(1,20) = 11.8, p \ .01, whereas the main effect of group, F(1,20) = 1.3, p [ .20, and the interaction, F \ 1, were not. After-effects and explicit shifts were subjected to t tests that again revealed no significant difference between groups for aftereffects, t(20) = 0.03, p \ .20, but almost so for explicit shifts, t(20) = 1.81, p \ .10.
Discussion
In Experiments 1 and 2, there was clear evidence of adaptation to the visuo-motor rotation, both of implicit and explicit components. However, in both experiments, haptic guidance did not produce a benefit for any of the components or for total adaptation, even though guided and unguided trials were mixed. This was not even the case in Experiment 2 where the demonstration of the correct direction of hand movement was followed by an active trial in which the same direction had to be repeated.
As far as the comparisons between the practice groups are concerned, both experiments produced null effects. Thus, the issue of statistical power can be raised. However, the findings have been replicated in the two experiments, each one with more than one dependent variable. In no case was there an indication of superior adaptation of the guidance group even in the means, except for a very small difference in the after-effects of Experiment 2. Thus, even with a strong increase in statistical power, it would be more likely an inferiority rather than a superiority of the guidance groups that could be detected. These findings provide additional evidence of the neglect of haptic information during adaptation to a visuo-motor rotation in that additional haptic information is shown to result in no benefits at all for learning, even under conditions in which haptically guided movements are intermingled or alternated with unguided movements.
Haptic information is not only concerned with spatial movement characteristics, but also with temporal ones. For adaptation to a visuo-motor rotation, however, only spatial characteristics are important. Thus, according to the available results, functional haptic neglect could be restricted to spatial information. Therefore, in the third experiment, we studied the role of haptic information for adaptation to a temporal visuo-motor transformation.
Experiment 3
In the third experiment, we studied adaptation to a pure time delay rather than to a visuo-motor rotation. The main reason was that, in spite of the overall mixed evidence of benefits of robot guidance for motor learning (e.g., Reinkensmeyer and Patton 2009), there is some indication that timing of movements might be susceptible to robot support (e.g., Lüttgen and Heuer, in press; Marchal-Crespo and Reinkensmeyer 2008; Milot et al. 2010) . Thus, even when spatial haptic information is neglected during visuo-motor adaptation, temporal haptic information might not.
To study adaptation to a pure visuo-motor delay, we used a step-tracking task with a time delay of 300 ms. Test conditions, which served to assess implicit and explicit components of adaptation, were modified accordingly.
Method
Participants
Forty right-handed participants, aged 19-34 years, were alternately assigned to the no-guidance control group (mean age: 23.5 years, SD: 3.2 years; 15 women, 5 men) or the guidance group (mean age: 23.2 years, SD: 3.2 years; 17 women, 3 men). All participants had given written informed consent prior to the start of the experiment that was done in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki.
Apparatus
The apparatus was the same as in the first two experiments except that movements were constrained to the left-right dimension. For that purpose, a track was mounted on the table, and a protective shield of 12 cm diameter and 1.5 cm height was added so that the hand was protected from contusions between the slide and the track.
Task
Participants performed a step-tracking task with preview. They were instructed to track blue vertical lines that moved continuously from the top of the screen to the bottom. At the top and bottom, two gray rectangles, the upper one of height 10 mm and the lower one of height 66 mm, limited the visual workspace to a height of 228 mm and a width of 406 mm. With the blue lines moving at 35 mm/s, the preview time window was about 6.5 s. A screenshot is shown in Fig. 3a .
At the bottom of the workspace, just above the gray rectangle, a cursor could be moved to the left and right by appropriate movements of the hand. The cursor was a square of 10 9 10 mm 2 , and the task of the participants was to keep the cursor aligned with the blue target lines. The cursor was green when its position corresponded to hand positions without delay, and it was red when its motions lagged behind by 300 ms. Participants were informed about the meaning of the colors. They were instructed to move as rapidly and as accurately as possible and to move the cursor away from the current target position to the next one at exactly the moment the upper end of the current target line disappeared behind the cursor. Figure 3b illustrates an example recording where two target lines are shown, and time is plotted on the ordinate.
Haptic guidance was implemented by a target attractor that was shifted to the next target position (x t ) 300 ms before the corresponding target line reached the bottom of the visual workspace. When the participants did not resist the force of the robot, the cursor started to move at the correct time, that is, with a delay of zero. The potential for target guidance was defined as P t ðxÞ ¼ A Á d n , with A = .75, n = 1.75, and d ¼ x À x t j j, x t being the horizontal target position. Maximum force was 6 N as in the first two experiments.
Design and procedure
Each trial of the step-tracking task lasted about 2 min and consisted of 64 target steps and thus of 64 movements. Exp Brain Res (2012) 218:129-140 135 Possible target positions were -100, -50, 0, 50, and 100 mm, with 0 corresponding to the horizontal centre of the screen (cf. Fig. 3b ). Each target position was followed by an adjacent one, so that the target amplitude for the movement to the next target position was always 50 mm. Each of the eight possible transitions between target positions was repeated eight times in a block. Target lines, which marked the target positions, were 50, 60, 70, or 80 mm long (corresponding to target durations of 1.429, 1.714, 2.000, and 2.286 s). Both the target positions and the lengths of the corresponding lines were drawn pseudo-randomly with the constraint of equal frequencies in each trial. In total, there were 17 trials, a baseline-practice trial, 10 practice trials, and 6 test trials. In addition there were 6 maintenance trials, one preceding each test trial. Note that each trial in this experiment consisted of 64 movements to successive targets. In this respect, a trial of this experiment corresponds to a block of trials in Experiments 1 and 2. The first trial was baseline practice: there was no delay, no guidance in the guidance group, and the visual feedback was continuously present. The second trial served as pre-test, and the third trial was a pre-test of explicit knowledge. In all three trials, the cursor was green to cue the absence of the delay.
The first test period was followed by three practice trials. In these trials, the movement of the cursor was delayed by 300 ms relative to the movement of the hand. This was cued by the red color of the cursor. Visual feedback was present throughout the trial, and in the guidance group, haptic guidance was switched on. These practice trials were followed by an intermediate-test trial in which the presence of the delay was cued (red cursor).
The second practice period consisted of seven trials, again with delay, continuous visual feedback, and haptic guidance in the guidance group. It was followed by three post-test trials, the first one with cued presence of the delay (red cursor), the second one with cued absence of the delay (green cursor), and the third one as a test of explicit knowledge. Maintenance trials, which preceded test trials, were identical to practice trials (or the baseline-practice trial for the pre-test) but were aborted after only 16 target steps. In test trials, the visual feedback was absent for a time window of 571 ms around each target step, more precisely, during the last 10 mm of the current target line and the first 10 mm of the next target line (relative to the upper edge of the invisible cursor). Thus, visual feedback for the early parts of the movements was absent.
In each explicit-test trial, participants gave eight judgements of the position of the cursor on the current target line at which their hand movement should start for the cursor to start moving when the end of the current target line reached the upper edge of the cursor. The display was frozen, and the participant instructed the experimenter to move the blue lines up and down, right to that position where the cursor should be at the time the hand movement had to start. The cursor was green in the pretest, cueing absence of the delay, and it was red in the posttest, cueing presence of the delay. For the eight judgments, four patterns of blue target lines were presented twice in a pseudo-random order. The initial vertical deviation from the correct position was chosen randomly.
All trials, except the explicit-test trials, began with the presentation of a gray outline rectangle in a central position at the bottom of the visual workspace. Participants had to move the initially gray cursor into this rectangle. After 2 s within a range of 5 mm around the start position, the cursor changed its color to either green or red, the outline rectangle disappeared, and the blue lines started to move downward from the top of the visual workspace. Before each trial, participants could pause at their discretion.
Data analysis
The time series were low-pass filtered (fourth-order Butterworth, 10 Hz, dual pass). For each movement of the cursor from one target position to the next one, we determined the start time. It was defined by the last sample in which the cursor was within a tolerance of 5 mm around the old target position (cf. Fig. 3b ). Start time was measured relative to the correct time, that is, it was zero when the cursor started to move at exactly the time at which the old target line disappeared behind it. When the cursor motion started earlier, start time was negative, and when the cursor motion started later, start time was positive. When either the start or the end of a movement could not be determined, the movement was defined as invalid. In total, 96.32% of the target steps were accompanied by valid movements (36,986 of 38,400 target steps).
For each trial and each of the eight possible target steps, start times were averaged. For the intermediate test and the post-tests, the changes of the start time relative to the pretest were of main interest. Therefore, the corresponding differences between the means were computed, that is, adaptive shifts, after-effects, and explicit shifts as in the first two experiments. (For the explicit tests, the spatial judgements had been transformed into corresponding time delays.) The means for each target step were averaged and subjected to statistical analyses.
Results
The mean adaptive shifts, both for the intermediate test and the post-test, as well as the mean after-effects and explicit shifts are shown in Fig. 4 . There was no indication of a superior adaptation to the temporal delay with haptic guidance than without. To the contrary, numerically adaptive shifts and after-effects were stronger in the noguidance group than in the guidance group, and only for explicit shifts there was a slight advantage of the guidance group. Adaptive shifts increased from early in practice to late in practice.
Adaptive shifts were subjected to a two-way ANOVA with the between-participant factor group and the withinparticipant factor test (intermediate test, post-test) . Only the main effect of test was significant, F(1,38) = 9.2, p \ .01, but both the main effect of group, F(1,38) = 1.6, p [ .20, and the interaction, F \ 1, were not. After-effects and explicit shifts in the two groups were compared by means of t tests which indicated no significant differences, t(38) = 0.3, p [ .20, and t(38) = 0.6, p [ .20, respectively.
Discussion
The third experiment served to explore the effects of haptic guidance on adaptation to a visuo-motor delay. Adaptive shifts of start time increased from the intermediate test to the post-test. Instead of an advantage of the guidance group, however, there was a statistically not significant advantage of the no-guidance group of 38 and 70 ms in the two tests. Similarly, after-effects and explicit shifts were present in both groups, but not different between them. Thus, there was clearly no advantage of the haptic-guidance group.
The present findings seem to conflict with the results of Milot et al. (2010) . However, their participants had to learn a delay between an isometric pressure and a subsequent passive hand movement, but not a delay between movements and their visual effects. In addition, our findings seem not to conform to the hypothesis that timing is particularly susceptible to haptic guidance (Lüttgen and Heuer, in press; Marchal-Crespo and Reinkensmeyer 2008) . However, this hypothesis might apply only to certain aspects of timing or to timing in the context of certain tasks and not to timing in general. In particular, the hypothesis seems not to be valid for delays that are inherent to visuo-motor transformations. The reason most likely is the neglect of haptic information when dealing with such delays.
General discussion
The purpose of the present series of experiments was to explore variations of haptic-guidance practice that might result in an advantage for adaptation to visuo-motor transformations as compared to a control condition without haptic guidance. These variations were mixtures of guided and unguided trials, which have been shown to facilitate motor learning in principle (Winstein et al. 1994) , and the learning of time delays, for which again beneficial effects of haptic guidance have been reported (Marchal-Crespo and Reinkensmeyer 2008) . However, these facilitating effects of haptic guidance have been found in learning tasks that did not involve visuo-motor transformations.
Finding an advantage of haptic-guidance practice also for adaptation to visuo-motor transformations would cast doubts on the notion of functional haptic neglect when a novel visuo-motor transformation has to be mastered, at least as far as its generality is concerned. Overall, we have found no reason for such doubts, even though functional haptic neglect appears counterintuitive given the everyday and scientific evidence of the human capability to reproduce passively demonstrated movements and to take advantage of multiple sources of information. Our failure to find evidence that would cast doubts on the notion of functional haptic neglect during adaptation to novel visuo-motor transformations consists of statistically non-significant differences. For the evaluation of these results, two considerations are important. First, in spite of being null effects, the findings are substantial. They have been repeated in different experiments, and they are consistent with previous results on the effects of haptic guidance on adaptation to visuo-motor transformations (Heuer and Rapp 2011; Van Asseldonk et al. 2009 ). In addition, differences between the means were mostly in the opposite direction. Thus, the absence of superior adaptation with haptic guidance is not simply due to a lack of statistical power; with a progressively increased statistical power, inferior adaptation with haptic guidance would more likely be observed than superior adaptation. Second, the findings are specific. In all experiments reported here, there was a progressive adaptation that involved both implicit and explicit components. Nevertheless, there was no superior adaptation after hapticguidance practice. In addition, in other experiments, the mixture of guided and unguided trials has facilitated learning, and motor timing has profited from haptic guidance. In contrast to these findings, there were no benefits of haptic guidance for adaptation. Even though the findings are specific for visuo-motor adaptation, they are not specific for a particular type of haptic guidance. The type of haptic guidance was different in each of the three experiments.
We conceive of functional haptic neglect as an attentional phenomenon. It seems to match the everyday experience of very little conscious awareness of hand movements in tool use, be it in the use of the computer mouse to control the position of the cursor on a monitor or in the use of an axe to cleave wood. The notion of functional haptic neglect is also consistent with some findings on intermanual interactions. For example, it is difficult or even impossible to produce bimanual polyrhythms (e.g., Klapp 1979) or periodic bimanual movements with a phase shift of 90° (Yamanishi et al. 1980) . However, when the complex relations between hand movements are mapped on simple relations between dimensions of visual feedback, the tasks become easy. For example, when hand positions are mapped on the vertical and horizontal positions of a cursor on a monitor, phase-shifted movements (e.g., Swinnen et al. 1997; Kovacs et al. 2009; Kovacs and Shea 2010) and movements with non-integer frequency relations (e.g., Kovacs et al. 2010a, b) become much easier. This is also the case when visual feedback of the hand movements is not integrated, but different visuo-motor gains serve to map complex relations between the frequencies of hand movements into simple frequency relations of the feedback markers (Mechsner et al. 2001 ). These observations suggest a relative neglect of the hand movements and an attentional focusing on the feedback information, as hypothesized by Kovacs et al. (2010b) . Müsseler and Sutter (2009) noted that the limited awareness of ones hand movements in the presence of a visuo-motor transformation might be beneficial in that it serves to avoid conflicts between haptic and visual information. However, in tool use haptic and visual information represent the input and the output of a visuo-motor transformation. Thus, any discrepancy does not represent a conflict, but characterizes the transformation. Nevertheless, haptic information is neglected, and most likely this is not just a vagary of the human brain. Perhaps, it is related to the embodiment of tools (cf. Heuer and Sülzenbrück, in press; Maravita and Iriki 2004) . When the transformation of motor outflow into a movement of an effective part of one's own body or of a tool is conceived as a whole rather than composed of various transformations in sequence (cf. Kawato et al. 1990 ), then haptic information refers to the output of the transformation only when no tool is used. In the presence of a tool, it refers to some intermediate signals, but no longer to the output of a transformation, and also not to the input. Thus, when it comes to learning a novel input-output relation, it might well be neglected.
